The absorptive and dispersive components of the frequency-dependent magnetic susceptibility both contribute to the electron-spin resonance (ESR) radio-frequency (rf) power absorption of local magnetic moments in metals according to Dyson's theory. The magnetic-field prefactor present in the expression for this power absorption has been omitted in the past when fitting Dyson's lineshape to the observed field derivative of broad ESR rf power absorption spectra but is shown here to significantly influence such fits and therefore also the quantitative physical interpretations of the temperature-dependent fit parameters.
The absorptive and dispersive components of the frequency-dependent magnetic susceptibility both contribute to the electron-spin resonance (ESR) radio-frequency (rf) power absorption of local magnetic moments in metals according to Dyson's theory. The magnetic-field prefactor present in the expression for this power absorption has been omitted in the past when fitting Dyson's lineshape to the observed field derivative of broad ESR rf power absorption spectra but is shown here to significantly influence such fits and therefore also the quantitative physical interpretations of the temperature-dependent fit parameters.
In both nuclear (NMR) [1, 2] and electron spin (ESR) [3] [4] [5] [6] magnetic resonance and relaxation, the Bloch equations are often the starting point for analyzing experimental data. The Bloch equations give the Cartesian components of the magnetization M per unit volume, which is precessing around the magnetic field H, as [7] 
where t is the time, the negative sign prefactors arise from the negative charge on the electron appropriate for ESR, T 2 is the transverse spin-spin relaxation (decoherence) time, M 0 is the thermal-average magnetization (magnetic moment per unit volume) when the magnetization is aligned in the direction of the applied magnetic field
T 1 is the longitudinal relaxation time associated with decay of the magnetic energy, and γ is the gyromagnetic ratio of the moment (γ = gµ B / for Heisenberg spins, g is the spectroscopic splitting factor, µ B is the Bohr magneton, and is Planck's constant divided by 2π). The Gaussian cgs system of units is used in this paper, with the exception of the expression for the skin depth δ which is expressed later in SI units. The damping terms on the far right sides of Eqs. (1) are phenomenologically introduced so that the relaxation of each of the Cartesian components of M in a free-induction decay experiment is exponential, as predicted by quantum statistics and often observed experimentally. In the absence of damping (T 1 , T 2 → ∞) and additional magnetic fields, the Bloch equations yield a magnetization that precesses around H at angular frequency ω 0 = γH 0 according to
where θ is the constant angle that M makes with the z axis.
For magnetic resonance experiments, an additional radio-frequency (rf) magnetic field H 1 with angular frequency ω is present that is usually taken to be linearly polarized along the x axis, which can be considered to be a superposition of a circularly-polarized magnetic field that has a precession angular velocity parallel to the z axis as does M and a counter-rotating field that has a precession angular velocity antiparallel to the z axis, i.e.,
where the negative sign prefactors are due to the negative charge on the electron that apply to ESR as in Eqs. (1) . For narrow absorption lines, the counter-rotating component of H 1 makes no significant contribution to the observed rf power absorption and is therefore usually ignored. However, for wide ESR spectra with widths of the order of H 0 , the influence of the counter-rotating component (4c) of H 1 must also be taken into account. In a primed reference frame where the x ′ y ′ plane is rotating in the same direction as M according to Eq. (4b), but with the angular speed ω instead of ω 0 , the steadystate solutions of the Bloch equations (1) to first order in H 1 (nonsaturating condition) are [3] 
These expressions give the magnitude M = M 0 to first order in H 1 , as expected. However, to second order in H 1 one obtains the unphysical result M > M 0 , which illustrates a limitation of the Bloch equations. The equality M = M 0 is predicted by the Bloch equations for free-induction decay experiments at times t = 0 and t → ∞, but at intermediate times one obtains M = M 0 e −2t/T2 + (1 − e −t/T1 ) 2 < M 0 for T 2 /T 1 2 due to the transverse decoherence of the precessing magnetic moments associated with T 2 [8] . This reduction is especially pronounced for T 2 /T 1 ≪ 1. One has the phys-ical limit T 2 /T 1 2 in order that M ≤ M 0 for all times during free-induction decay [8] .
The dispersive [χ ′ (ω)] and absorptive [χ ′′ (ω)] components of the steady-state magnetic susceptibility to first order in H 1 are obtained from Eqs. (5a) and (5b) as [3] 
is a Lorentzian function, for which the half width at half maximum peak intensity (HWHM) is 1/T 2 ≡ ∆ω. With this assignment, Eqs. (6) become
Broadening of the ESR spectrum occurs due to the magnetic dipole interaction between spins in systems with high concentrations of local moments, resulting in a nonLorentzian lineshape. However, the exchange interaction between the spins gives rise to narrowing of the resonance, leading again to a Lorentzian lineshape [3] . In order to take into account the influence of the counter-rotating component of H 1 in Eq. (4c) that is necessary to fit broad absorption spectra, one adds an additional term to each of Eqs. (7) where −ω is substituted for ω, yielding
ESR in metals was studied theoretically by Dyson in 1955 [9] and his predictions were first utilized to interpret experimental conduction-electron spin-resonance data by Feher and Kip [10] . Another case of Dyson's theory describes ESR of well-defined local magnetic moments in metals, where the Dysonian absorption susceptibility χ
where 0 ≤ α ≤ 1 with α = 0 or 1 if the rf skin depth δ is much larger or much smaller than the sample dimension that is perpendicular to the linearly polarized H 1 in Eq. (4a), respectively. The expression for δ is
where ρ is the electrical resisitivity, f is the rf frequency, and µ is the magnetic permeability of the sample [11] . Substituting Eqs. (8) into (9) gives
5 with S = 5/2 have also been obtained. Generally fine and hyperfine structures are not resolved in the ESR spectra for high concentrations of these ions in metallic alloys and compounds, where broad featureless Lorentzian-like resonances are observed instead.
ESR slow-passage experiments involve keeping ω fixed and slowly varying the applied static field H 0 . Here, ω = γH, ω res = γH res , and H res is the resonant field that can be different from H 0 due to the presence of internal and demagnetizing fields discussed in Ref. [12] . Using these conversions Eq. (11) becomes [13, 14] 
where χ 0 ≡ M (H)/H is the dimensionless volume susceptibility. Here, ∆H is the half width in field at halfmaximum Lorentzian peak height. The value of χ ′′ D (H = 0) in the paramagnetic state obtained from Eq. (12) is zero. The H prefactor is analogous to the ω prefactor in the expression for the time-averaged power absorbed by a driven, damped, simple-harmonic oscillator.
The time-average power P (H, T ) absorbed in steady state by a metallic sample containing local magnetic moments from the ESR rf magnetic field is [1-3, 6, 10]
where
and A is the area of a surface of the sample parallel to the linearly-polarized applied rf field H 1 . The integral
e −x/δ dx = δ, so the factor Aδ(H, T ) in Eq. (13b) is the volume of the sample beneath the area A that is exposed to the rf field H 1 . Due to the |H| prefactor in P (H, T ), the integral
′ diverges logarithmically with increasing H for H ≫ H res . However, experimental spectra are usually limited to H 2H res . (16), where ∆H is the half width at half height of the Lorentzian functions in Eq. (12) and Hres is the resonant field.
In this paper, the prefactor H in Eq. (12) is demonstrated to be important to fits of broad ESR absorption spectra of local moments in metals. To facilitate plotting the calculated ESR spectra, H res , H and ∆H are normalized by H res thus yielding the dimensionless parameters
Then Eq. (12) becomes
Experimentally, to improve the signal to noise ratio an ac modulation of H is used so the observed derivative absorption spectrum is obtained from Eqs. (13) and (15) as
P (H) is even inH as required physically, and dP (H)/dH is odd inH. Shown in Fig. 1 are plots of dP (H)/dH versusH according to Eqs. (15) and (16) for a typical α = 0.5 and reduced Lorentzian half widths ∆H of 0.1, 0.3 and 0.5, where each panel shows the results both with and without theH prefactor on the right side of Eq. (15) . TheH prefactor is seen to have a significant influence on both the shape and amplitude of the derivative curves.
The so-called A/B ratio (the height of the first peak divided by that of the second peak in derivative spectra such as shown in Fig. 1 ) is also affected by the presence of theH prefactor on the right side of Eq. (15) as shown by plots of A/B versus α in Fig. 2 for ∆H values from 0.02 to 0.5. One sees from Fig. 2(b) that the α dependence of A/B depends rather strongly on ∆H when thẽ H prefactor in Eq. (15) is included. On the other hand, if the prefactor is not included, the A/B ratio is not very sensitive to ∆H as shown in Fig. 2(a) and for ∆H ≪ 1 has a value of 1 for α = 0 and ≈ 2.55 for α = 1 [5] .
The ratio of the peak-to-peak linewidth H pp in the field-derivative spectra to the Lorentzian half width ∆H in Eq. (12) is plotted versus α in Fig. 3 without [Fig. 3(a) ] and with [ Fig. 3(b) ] theH prefactor in Eq. (15) for ∆H values from 0.02 to 0.5. Here the influence of ∆H is seen to be minimal in the absence of theH prefactor, whereas when the prefactor is included, strong influences are seen in the ∆H dependence of ∆H pp /∆H on α.
The above results are relevant to many recently published X-band (∼ 9.5 GHz) ESR field-derivative powerabsorption spectra with broad featureless lineshapes for local moments in metallic compounds that were fitted by Dysonian-type lineshapes. For example, Mn ESR data on LaMnO 3 were fitted by α ≈ 0 and ∆H/H res ∼ 0.7 [13] . An ESR study of the Eu +2 resonance in EuFe 2 As 2 yielded ∆H/H res = 0.57 at T = 300 K [15] . Similar results were obtained at T = 300 K for Co-substituted EuFe 2−x Co x As 2 [16] , for Eu +2 -doped Ba 1−x Eu x Fe 2 As 2 with x = 0.20, 0.55 and 0.95 [17] , and for Ru-substituted EuFe 2−x Ru x As 2 [18] . Linewidths of ∼ 0.3H res were observed from ∼ 100 to 300 K for Eu +2 in an EuB 6 crystal [19] . ESR spectra of Gd 0.3 [20] . The Gd +3 ESR spectra at T = 4.2 K for 2% Gd-doped Ce(Cu 0.5 Ni 0.5 ) 2 Ge 2 yielded ∆H/H res ∼ 1 [21] and for 2% Gd-doped YNi 2 B 2 C at T = 16-55 K gave ∆H/H res ∼ 0.3 [22] . In summary, it was shown that including the multiplicative H prefactor in Eq. (12) in the field derivative of the Dysonian rf power absorption spectrum of local magnetic moments in metals has a substantial influence on the lineshape and amplitude of the observed field derivative of broad ESR spectra. This prefactor has long been known to be present [1] [2] [3] 6 , 10] but has not been included in the past to our knowledge when fitting such experimental ESR spectra. For example, a comparison of the ESR fitting parameters α, ∆H and H res deter- mined with and without the H prefactor in Eq. (12) was recently carried out of the T -dependent broad X-band field-derivative ESR spectra [23] for the metallic compound EuCo 2−y As 2 [24] . The parameters ∆H and H res were found to differ by only few percent between the two fits, whereas without the H prefactor α was found to be a factor of 2-3 too large with some unphysical values α > 1. In addition, as pointed out below Eq. (13), the field-integrated power absorption diverges for H → ∞ when the theoretically-required H prefactor is present but attains an incorrect value of πχ 0 in this limit when the prefactor is omitted.
